Midbrain dopamine neurons are important mediators of reward and movement and are sensitive to cocaine-induced plasticity. After even a single injection of cocaine, there is an increase in AMPA-dependent synaptic transmission. The present study examines cocaine-induced plasticity of mGluR-dependent currents in dopamine neurons in the substantia nigra. Activation of mGluR1 and mGluR5 resulted in a mixture of inward and outward currents mediated by a nonselective cation conductance and a calcium-activated potassium conductance (SK), respectively. A single injection of cocaine decreased the current activated by mGluR1 in dopamine neurons, and it had no effect on the size of the mGluR5-mediated current. When the injection of cocaine was preceded by treatment of the animals with a blocker of mGluR5 receptors (MPEP), cocaine no longer decreased the mGluR1 current. Thus, the activation of mGluR5 was required for the cocaine-mediated suppression of mGluR1-mediated currents in dopamine neurons. The results support the hypothesis that mGluR5 coordinates a reduction in mGluR1 functional activity after cocaine treatment.
INTRODUCTION
Group I metabotropic glutamate receptors (mGluR1 and mGluR5) are Gq-coupled receptors that modulate cocaineinduced plasticity (Bird et al, 2014; Yu et al, 2013) . Although mGluR1 and mGluR5 signal through the same class of G proteins (Hermans and Challiss, 2001) , selective activation of these receptors results in differing synaptic and behavioral outcomes induced by treatment of animals with cocaine. Increasing mGluR1 activity 24 h after a single injection of cocaine reversed the well-described potentiation of AMPA receptor EPSCs in the ventral tegmental area (VTA, Bellone and Luscher, 2006; Ungless et al, 2001 ). The underlying mechanism involved an mGluR1-dependent long-term depression that removed calcium-permeable AMPA receptors Luscher, 2005,2006) . This observation raised the possibility that a decrease in basal mGluR1 signaling was necessary for cocaine-induced plasticity.
The role of mGluR5 in drug-induced plasticity is less well understood. Inhibition of mGluR5 by a variety of selective negative allosteric modulators or genetic knockout decreased cocaine self-administration (Kenny et al, 2005; Chiamulera, 2001) , cue-induced reinstatement (Kumaresan et al, 2009) , cocaine taking and seeking (Keck et al, 2013 (Keck et al, , 2014 , and extinction in rats and monkeys (Bird et al, 2014; Keck et al, 2013 Keck et al, , 2014 Kumaresan et al, 2009; Platt et al, 2008) . Thus, blocking mGluR5 activity decreased behaviors associated with cocaine treatment and self-administration, whereas blockade of mGluR1 facilitated cocaine-dependent processes on AMPA receptor-dependent EPSCs in the nucleus accumbens (Loweth et al, 2013) . It remains unknown how cocaine treatment directly affects mGluRs on dopamine neurons.
The coexpression of mGluR1 and mGluR5 is found in a variety of areas, including pyramidal neurons, type II globus pallidus neurons, and dopamine neurons of the olfactory bulb (Jian et al, 2010; Mannaioni et al, 2001; Poisik et al, 2003) . Dopamine neurons of the ventral midbrain also coexpress mGluR1 and mGluR5, as measured by immuno-gold EM and in situ hybridization studies (Hubert et al, 2001; Testa et al, 1994) . Functionally, it is known that mGluR1 evokes calcium release from intracellular stores, which activate SK channels in midbrain dopamine neurons resulting in a pause of firing (Fiorillo and Williams, 1998; Morikawa et al, 2003) . The role of mGluR5 in dopamine neurons is not known.
This study examines the mechanisms that link the activation of mGluR1 and mGluR5 to cocaine-induced neuronal plasticity in dopamine neurons. Initial experiments demonstrate that both receptors activate the same conductances. Following a single injection of cocaine, the mGluR1-dependent currents were significantly decreased, whereas mGluR5-dependent currents were unchanged. Finally, pharmacological blockade of mGluR5 in vivo before injection of cocaine blocked the cocaine-induced decrease in mGluR1-dependent currents. Thus, activation of mGluR5 after cocaine coordinates the reduction in mGluR1.
MATERIALS AND METHODS

Animals
All animal experiments were performed in accordance with the National Institutes of Health guidelines and with approval from the Institutional Animal Care and Use Committee of the Oregon Health & Science University (Portland, OR). Adult (5-10 weeks), male and female, wild-type C57 or C57/129 mice were used for all experiments. Mice were injected with cocaine (20 mg/kg) or saline intraperitoneally (i.p.) and immediately replaced into their home cage. Some experiments consisted of naïve animals grouped with salineinjected animals. There is no significant difference in the mGluR iontophoretic-induced current between these two conditions (t(17) = 1.4, p40.05).
Slices and Solutions
Horizontal slices (220-230 μm) containing the substantia nigra were prepared (as previously described in Gantz et al, 2013) . Slices were cut using a vibratome (Leica) in an icecold physiological ACSF containing 126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH 2 PO 4 , 1.2 mM MgCl 2 , 2.4 mM CaCl 2 , 11 mM glucose, 21.4 mM NaHCO 3 , and 5 mM MK801, saturated with 95% O 2 and 5% CO 2 , pH 7.4, 300 mOsm/kg, and then incubated in the same solution warmed to 34°C for at least 30 min. Slices were placed in a recording chamber and superfused with warmed (35°C) physiological ACSF at 1.5 to 2 ml/min.
Whole-Cell Recording
All recordings were performed from dopamine neurons of the substantia nigra pars compacta, defined as a region lateral to the medial terminal nucleus of the accessory optic tract. Dopamine neurons were identified by their large cell bodies, the characteristic pacemaker-like firing (1-5 Hz) observed in the cell-attached mode, and the presence of a large Ih current. Whole-cell pipettes had resistances of 1.5-1.8 MΩ. Unless otherwise stated, pipette solutions used for whole-cell recordings contained (in mM) 115 mM K-methanesulfonate, 20 mM NaCl, 1.5 mM MgCl 2 , 5 mM HEPES, 0.1 mM EGTA, 2 mM Mg-ATP, 0.25 mM Na 2 -GTP, and 10 mM Na 2 phosphocreatine, pH 7.38, 282 mOsm/kg. Voltage-clamp recordings were made (holding potential − 55 mV) using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA). Series resistance was monitored using a 2-mV square test pulse (collected at 50 kHz and filtered at 10 kHz). Recordings were discarded if the series resistance exceeded 10 MΩ. Episodic data were obtained at 5 kHz and filtered at 2 or 5 kHz using AxoGraph X (Axon Instruments). Continuous recordings were obtained using Chart (version 5.5.6, AD Instruments, Colorado Springs, CO).
mGluR-Mediated Currents
The mGluR-dependent outward current desensitizes rapidly. Thus, rapid and short-lasting application of agonists was required to obtain a steady reproducible response. This was achieved either by iontophoresis of L-aspartate or local pressure ejection of DHPG (100 μM). Iontophoresis was performed with an Axoclamp 2 A amplifier (Axon Instruments, − 80-130 nA ejection current, +7-11 nA backing current) using pipettes containing aspartate (1 M, pH 7.4, . Iontophoretic pipettes were placed within 5-10 μm of the soma. Pressure ejection of DHPG (100 μM, 80 ms) from a patch pipette was performed using a Picospritzer II (Parker Hannifin Corporation, Cleveland, OH). The puff pipette was placed on the surface of the slice 30-50 μm from the cell body to minimize disturbance of the whole-cell patch by the pressure ejection artifact. The slices were pretreated with (5S,10R)-(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine (MK-801, 50-100 μM) for at least 30 min. Experiments were performed in the presence of 6,7-dinitroquinoxaline-2,3-dione (10 μM), MK-801 (100 nM), picrotoxin (100 μM), CGP-55845 (100 nM), hexamethonium chloride (50 μM), atropine (100 nM), sulpiride (200 nM), and MNI-137 (200 nM) to block AMPA, NMDA, GABAA, GABAB, nicotinic, M1 muscarinic, dopamine D2, and Group II mGluR receptors. Concentration-response experiments to DHPG were performed in the presence of apamin (200 nM) to block SK-mediated outward currents and to isolate mGluR-mediated inward currents. In some experiments, mGluR1 or mGluR5 receptors were blocked by bath perfusion of the negative allosteric modulators (NAMs) JNJ-16259685 (500 nM) or MPEP (300 nM), respectively.
SK Channel Activity
A voltage step protocol was used to analyze the SK conductance independent of mGluRs (Deignan et al, 2012) . Briefly, the membrane potential was held at − 70 mV, stepped to 0 mV for 50 ms, and stepped back to − 50 mV for 4 s. The SK-mediated current was measured at − 50 mV and isolated after subtraction of the current that remained after application of the selective SK-channel blocker apamin (200 nM). Averages from five sweeps were analyzed.
Drugs
Cocaine was obtained from the National Institute on Drug Abuse Neuroscience Center (Bethesda, MD). CGP-55845, MNI-137, JNJ-16259685, MPEP, and VU-0357121 were obtained from Tocris (Minneapolis, MN). DHPG, CHPG, and apamin were obtained from Abcam (Cambridge, MA). The remaining compounds were obtained from SigmaAldrich (St Louis, MO).
Data Analysis
Activation of mGluRs causes both inward and outward currents resulting from Trp and SK channels, respectively. To determine the total charge transfer induced by mGluR activation, the area under the curve was measured for both currents, the absolute value of the inward component was added to the outward component for a complete representation of the size of the mGluR-induced response, and it was expressed as pA*S. For isolating the current induced by mGluR1 or mGluR5, selective receptor blockers were applied sequentially. Data are expressed as mean ± SEM. Statistical significance was determined with Student's t-test or one-way ANOVA followed by the Tukey's post-hoc test. The difference was considered significant at po0.05. When necessary, a two-way ANOVA was performed followed by Bonferroni's post hoc test. Data were graphed using Igor Pro 6 (Wavemetrics, Portland, OR) and analyzed using Prism 6 (GraphPad, La Jolla, CA). At least three biological replicates were tested per condition.
RESULTS
A Single Injection of Cocaine Decreased mGluR-Induced Currents
Activation of group I mGluRs on dopamine neurons can elicit both inward and outward currents (Figure 1 ). The inward current is owing to a Trp conductance (Tozzi et al, 2003) , and the outward current is mediated by SK channels (Fiorillo and Williams, 1998) . Both the inward and outward currents were blocked by the combination of the NAMs (referred to subsequently as blockers) JNJ (500 nM) and MPEP (300 nM, Figure 2 ), which block mGluR1 and mGluR5, respectively. Mice were injected i.p. with saline or cocaine (20 mg/kg) 24 h before recording, and the sensitivity to iontophoretically applied L-aspartate and bath application of DHPG were examined. Bath application of DHPG was used to construct concentration-response curves for the inward current after the blockage of SK with apamin (200 nM). The rapid and local application of aspartate by iontophoresis was used to isolate the outward current. With these two methods, the inward and outward mGluR currents were examined independently in saline-and cocaine-injected animals.
In cocaine-treated animals, the trend of the inward current induced by DHPG applied over a wide range of concentrations was toward a smaller maximum response (p = 0.13). The only significant difference was at a near saturating concentration (100 μM, Figure 1a ; control: 143 ± 30 pA; cocaine: 54 ± 10 pA; t(41) = 3.72, po0.05, Bonferroni's post-test). At higher concentrations, the inward current peaked and declined during that period of application (see Figure 1a for an example). Thus, accurate measurement of the peak current was blunted by the decline in the current, particularly at high concentrations during bath application of DHPG. The rapid decline in inward current prevented construction of an accurate concentration response curve in slices from both control and cocaine-treated animals. To avoid this problem, aspartate was applied by iontophoresis. This method resulted in reproducible outward currents that could be compared in slices from saline-and cocaine-treated animals ( Figure 1b) . The average peak outward current in slices from control animals was 78.2 ± 16.2 pA, whereas the current in slices from cocaine-injected animals was significantly smaller (32.9 ± 5.3 pA, unpaired two-way t-test, t(17) = 3.01, po0.05). These results indicate that after a single injection of cocaine there is a functional reduction in mGluRs signaling.
SK is Unaffected in Slices From Cocaine-Treated Animals
One explanation for a reduced outward current in slices from cocaine-injected animals is that the SK-mediated currents are reduced. The SK conductance evoked by a voltage step protocol was used to test this possibility. Using a step depolarization to evoke calcium entry followed by the return to − 50 mV, an apamin-sensitive (SK) current was identified (Figure 1c ). The SK current in control animals (107 ± 12 pA*S) was not significantly different from that in cocaineinjected animals (89.7 ± 9.5 pA*S, t(24) = 1.1, p40.05, unpaired t-test, Figure 1d) . Thus, the reduction in the current induced by activation of mGluRs does not result from a decrease in channel expression, suggesting that the change is due to an altered receptor function. 
SNc Dopamine Neurons Express both mGluR1 and mGluR5
In these experiments, the mGluRs were activated using pressure ejection of DHPG (100 μM). This method of agonist application resulted in a combination of inward and outward currents that were reproducible with repeated applications. Selective blockade of DHPG-induced currents using the mGluR1 blocker, JNJ (500 nM), or the mGluR5 blocker, MPEP (300 nM), was examined using successive application of each blocker on individual cells. The order of blocker application was alternated between cells. In these experiments, neither blocker alone completely eliminated the DHPG-induced currents. In general, each blocker inhibited about 50% of the current, and only after both blockers were applied was the current completely inhibited (JNJ first: baseline 77 ± 24 pA*S, JNJ and MPEP 1.89 ± 0.62, q(8) = 4.45, po0.05, Figure 2a ; MPEP first: baseline 92 ± 18 pA*S, MPEP and JNJ 2.56 ± 0.83, q(11) = 7.30, po0.05, Figure 2b ; post hoc Tukey's Test). The overall composition of the mGluR current varied between cells, with some cells expressing only mGluR1 (6/21), others with only mGluR5 (5/21), and most expressing both (10/21).
Cocaine Treatment Selectively Decreased mGluR1 Currents
Given that the mGluR current was reduced in slices from cocaine-treated animals, the next experiment determined which receptor subtype was involved. DHPG was applied by pressure application in slices taken from saline-and cocainetreated animals. As in previous experiments, following the acquisition of a stable mGluR current, MPEP (300 nM) and JNJ (500 nM) were successively applied to the slice. The average current activated in the presence of the first blocker was then subtracted from the initial current to establish the size of the current activated by the other mGluR group I subtype. The charge transfer evoked by mGluR5 in control animals was not significantly different from cocaine-treated animals (control = 28.9 ± 7.6 pA*S; cocaine-treated = 41.8 ± 13.9 pA*S; t(68) = 0.85, p40.05 Bonferroni's post-test, Figure 3b ). However, the mGluR1-induced current was significantly smaller in slices from cocaine-treated animals (control: 53.0 ± 12.4 pA*S; cocaine-treated: 7.8 ± 3.5 pA*S; t(68) = 2.97, po0.05, Bonferroni's post-test, Figure 3b ). Therefore, a single injection of cocaine selectively reduced the size of the mGluR1 current while not affecting the size of the mGluR5 current.
Acute Activation of mGluR5 Induces a Long-Lasting Depression of mGluR1-Induced Current
In some neurons that express both mGluR1 and mGluR5, the activation of mGluR5 downregulates mGluR1 receptor function (Poisik et al, 2003) . The current induced by activation of mGluR1 was examined before and after activation of mGluR5. Unlike the DHPG pressure ejection, iontophoretic application of aspartate most often induced an outward current that was primarily mediated by mGluR1s, as determined by the lack of inhibition of the peak current by Figure 2 mGluR1 and mGluR5 contribute to DHPG-mediated currents. JNJ-16259685 (500 nM) is an mGluR1-specific blocker, and MPEP (300 nM) is an mGluR5-specific blocker. The mGluR current was evoked by local puff application of DHPG (100 μM, 80 ms), and the area under the curve was measured. (a) JNJ is applied first and the average current is partially decreased, and then MPEP is applied and the average response is totally inhibited (n = 9 cells per condition). (b) MPEP is applied first and the average current is partially decreased, and then JNJ is applied and the average response is totally inhibited (n = 12 cells per condition). Each data point represents an individual cell, within subjects design across drug trials. *po0.05, bars indicate means. the mGluR5 selective blocker MPEP. The peak outward current induced by aspartate measured before and after the application of MPEP was not significantly different (difference is +1.6 ± 7.8 pA, t(5) = 0.45, p40.05, Figure 4a ). MPEP did, however, result in a significant decrease in the total charge transfer, indicating that there was a small contribution of outward current that was dependent on mGluR5s (t(5) = 3.29, po0.05; two-tailed t-test, mean difference: − 37.1 ± 11.3 pA*S, Figure 4a ).
Selective activation of mGluR5 was achieved with the coapplication of the orthosteric agonist CHPG (50 μM) and a positive allosteric modulator VU-0357121 (500 nM, 15 min). This combination of agonists did not consistently induce a change in the holding current. However, the outward current activated by iontophoretically applied aspartate was significantly reduced, and it did not recover following washout of the mGluR5 agonists (Figure 4b ; normalized baseline-wash: 53.5 ± 13.9%, t(14) = 3.84, po0.05, two-way ANOVA followed by Bonferroni's test). The reduction in the aspartateinduced mGluR current was prevented by the mGluR5 blocker MPEP (1 μM), indicating that the activation of mGluR5 induced a long-term reduction of mGluR1-dependent signaling.
In Vivo Injection of MPEP Prevents Cocaine-Induced Decline in mGluR1 Signaling
The next experiment examined whether the decrease in mGluR1 signaling induced by cocaine was dependent on the activation of mGluR5. Animals were treated with MPEP (30 mg/kg, i.p., (Gasparini et al, 1999) ) 10 min before treatment with cocaine (20 mg/kg) or saline (Figure 5a ). There was no significant difference in the size of the mGluR charge transfer made up of both mGluR1 and mGluR5 induced by a pressure ejection of DHPG in any condition (MPEP+saline: 105 ± 17.83 pA*S; MPEP+cocaine: 139.9 ± 42.74 pA*S; control: 85.9 ± 14.2 pA*S; cocaine: 50.98 ± 12.8 pA*S; F(3, 58) = 1.75, p40.05; all post hoc comparisons were not significant at the 0.05 level using a Tukey's post hoc test, Figure 5c ). Only when the mGluR1 component of the current in each cell was calculated as a fraction of the total mGluR baseline charge transfer from saline-and cocainetreated animals was it observed that a single injection of cocaine significantly reduced the mGluR1 component of the total (control = 59.1 ± 8.5%, cocaine = 20.4 ± 7.2%, q(58) = 4.88, po0.05; MPEP+saline = 62.0 ± 9.7%, q(58) = 4.58, po0.05; and MPEP+cocaine = 57.8 ± 7.5%, q(58) = 4.30, po0.05, Figure 5d ). There was no significant change in the size of the fractional mGluR1 charge transfer between the MPEP +saline and saline conditions (q(58) = 0.35 p40.05), indicating that pretreatment with MPEP did not alter the fraction of the total mGluR currents made up by either receptor.
These results revealed that blocking mGluR5 in vivo prevented the cocaine-induced decrease of the mGluR1 component of the overall mGluR current in midbrain dopamine neurons.
DISCUSSION
This study demonstrates the activation of currents made up by a combination of mGluR1-and mGluR5-dependent signaling in substantia nigra dopamine neurons. A single administration of cocaine selectively reduced mGluR1-dependent currents without changing the current induced by activation of mGluR5. The acute activation of mGluR5 in brain slices reduced the mGluR1-dependent current. Blockade of mGluR5 before administration of cocaine blocked the cocaine-induced decline in the mGluR1-dependent current. Thus, treatment with cocaine results in the activation of mGluR5 that functionally downregulates mGluR1.
The canonical reward pathway involves VTA neurons that project to the nucleus accumbens, and most literature that has examined changes in dopamine neurons in the VTA. There is, however, a growing body of literature implicating the substantia nigra dopamine neurons in the rewarding aspects of cocaine (Ilango et al, 2014; Ramayya et al, 2014; Rossi et al, 2013; Wise, 2009 ). This study suggests that plasticity of dopamine neurons in the substantia nigra can contribute at a cellular level to cocaine-induced modulation. There is, however, a significant difference in expression of SK between neurons in the substantia nigra and VTA (Wolfart et al, 2001) . Dopamine neurons found in the substantia nigra have substantially greater currents mediated by SK than neurons in the VTA, particularly medial aspects of the VTA. Thus, the inward current induced by activation of mGluR1 dominates in the VTA, suggesting a qualitative difference between cells in the substantia nigra and VTA.
Presence of mGluR5
Previous studies in slices from rats found that mGluRinduced currents were not sensitive to mGluR5 blockers (Cui et al, 2007; Guatteo et al, 1999; Morikawa et al, 2003) . However, dopamine neurons in the rat express transcript and protein for both mGluR1 and mGluR5 isoforms (Hubert et al, 2001; Testa et al, 1994) . Technical differences between the way previous work and the present results were obtained most likely account for different results. In the present study, as was found previously, the peak outward current induced by iontophoretically applied aspartate was not reduced by blocking mGluR5 with MPEP. Although the peak current was not sensitive to MPEP, the total charge transfer was reduced, indicating a subtle action of mGluR5 activation. Pressure application of DHPG used in the present study also most likely resulted in a more widespread and prolonged activation of receptors compared with local iontophoretic application of aspartate that is a transporter substrate.
Cocaine and mGluRs
Enhancing mGluR1 activity by a positive allosteric modulator reverses cocaine-induced plasticity in dopamine neurons (Bellone and Luscher, 2006) and in medium spiny neurons of the nucleus accumbens (McCutcheon et al, 2011) . In addition, in medium spiny neurons, negative allosteric modulation of mGluR1s leads to an increase of cocaineinduced cellular plasticity (Bellone and Luscher, 2006; Loweth et al, 2013) . In multiple behavioral studies, negative modulation of mGluR5 decreased the behavioral effects of cocaine, decreasing cocaine self-administration, cocaine seeking, and cue-induced reinstatement (Keck et al, 2013 (Keck et al, , 2014 Kumaresan et al, 2009; Platt et al, 2008) . This study provides a link between these behavioral studies and cellular studies by showing that negatively modulating mGluR5 in vivo can prevent a cocaine-induced decrease in mGluR1 signaling. This decrease in mGluR1 currents could result from internalization of receptors or a long-lasting desensitized state induced by the acute activation of mGluR5s after cocaine treatment. A number of mechanisms could be involved, including direct phosphorylation of the receptor. Phosphorylation of mGluR1 following the activation of mGluR5 by a PKC-dependent mechanism has been reported (Poisik et al, 2003) . Regardless of the precise mechanism responsible for mGluR5 coordinating the decrease in mGluR1 signaling, these results reveal a novel and immediate consequence of cocaine treatment on dopamine neuron cellular physiology.
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